Proteolysis is a central regulatory mechanism of protein homeostasis and protein function that 42 affects all aspects of plant life. Higher plants encode for hundreds of proteases, but their 43 physiological substrates and hence their molecular functions remain mostly unknown. 44 Current quantitative mass spectrometry-based proteomics enables unbiased large-scale 45 interrogation of the proteome and its modifications. Here we provide an overview over 46 proteomics techniques that allow profiling of changes in protein abundance, measurement of 47 proteome turnover rates, identification of protease cleavage sites in vivo and in vitro and 48 determination of protease sequence specificity. We discuss how these techniques can help to 49 reveal protease substrates and determine plant protease function, illustrated by recent studies 50 on selected plant proteases. 51
I. Introduction 56
Proteolysis maintains proteostasis (Nelson & Millar, 2015) and regulates signaling and other 57 physiological processes by selective elimination of target proteins (Gibbs et al., 2016) or site-58 specific proteolytic processing (Qiao et al., 2012) . The latter, also called limited proteolysis, 59 is an essentially irreversible protein modification that generates new proteoforms with altered 60 location, activity and/or function (Lange & Overall, 2013) . Proteolytic processes occur in 61 most compartments of the plant cell and are involved in all aspects of plant life, including 62 growth, development and plant-environment interactions (van der Hoorn, 2008; van Wijk, 63 2015) . Plant genomes encode for a large variety of proteases, the enzymes that catalyze 64 peptide bond hydrolysis, including >650 protease-coding genes in rice (Oryza sativa) and 65 >800 in Arabidopsis thaliana (van der Hoorn, 2008) . Key to understanding protease function 66 is knowledge of their physiological substrates. However, for the vast majority of plant 67 proteases no physiological substrates have been identified to date. Consequently, the 68 physiological role of most of these enzymes and the molecular mechanisms underlying many 69 observed mutant phenotypes remain elusive. Since proteases directly affect protein 70 abundance, size and sequence, sensitive modern mass spectrometry (MS)-based proteomics 71 appears predestined to tackle this challenge. Here we review proteomics techniques suited to 72 determine protease substrates and protease function (Box 1, Table S1), with a focus on 73 studies of higher plant proteases published within the last two years. 74
75

II.
The quest for plant protease substratesproteomics to the rescue? 76 "Top-down" proteomics directly analyzes intact proteins and thus retains information on 77 differentially modified proteoforms (Toby et al., 2016) . While promising for protease 78 research, top-down proteomics is still technically challenging, places high demands on 79 instrument performance and achieves only limited proteome coverage in complex samples. 80
Therefore the "bottom-up" proteomics approach where proteins are enzymatically digested 81 into peptides dominates today (Box 2), despite the challenge that shared non-unique peptides 82 often impede unambiguous identification of different proteoforms (Smith et al., 2013) . One 83 dimensional (1D)-and two dimensional (2D)-gel electrophoresis (GE) techniques provide 84 information on molecular mass and isoelectric point of identified proteins, which may 85 distinguish proteoforms (Huang et al., 2015) . However, these methods are labor-intensive 86 and biased towards abundant proteins (Table S1 ). With improvements in instrumentation, 87 sample preparation protocols and data analysis software, gel-free proteomics has become 88 more popular and now routinely provides identification and relative quantification of 89 thousands of proteins and system-wide identification of post translational modifications and 90 interaction partners (Aebersold & Mann, 2016) . 91 92
III. Quantitative proteome comparison reveals candidate substrates 93
Quantitative proteomics is widely used in protease research to compare proteomes exposed to 94 varying levels of protease activity in vivo. For example, a series of elegant studies on the 95 cage-forming multi-subunit chloroplast caseinolytic protease (Clp) investigated A. thaliana 96 proteomes from mutants lacking individual subunits by label-free shotgun proteomics, 97 revealing chloroplast proteostasis phenotypes of varying severity (reviewed (Nishimura & 98 van Wijk, 2015) . Quantitative affinity proteomics identified interactors of the substrate 99 adaptor subunit ClpS1 that recognizes and targets substrates to the Clp complex (Nishimura 100 et al., 2013) . One of the interactors, ClpF, was a novel substrate adaptor component that 101 together with ClpS1 targeted Glutamyl T-RNA Reductase, a key enzyme of tetrapyrrole 102 biosynthesis, for Clp-mediated degradation (Nishimura et al., 2015) . 
IV.
Dynamic metabolic stable isotope labeling to measure protein turnover in 134 vivo 135
Differences in steady state protein abundance may be caused by changes in synthesis or 136 degradation, which can be deconvoluted using metabolic stable isotope labeling in pulse or 137 pulse-chase experiments (Nelson & Millar, 2015) . In auxotrophic organisms, such dynamic 138 metabolic labeling is mostly performed by Stable Isotope Labeling with Amino Acids 139 (SILAC,(Ong, 2012) . Plants autotrophically synthesize and interconvert all proteinogenic 140 amino acids resulting in inefficient labeling in most growth conditions (Table S1) . complete labeling >95% has been achieved in A. thaliana seedlings germinated and grown in 142 liquid culture (Lewandowska et al., 2013) , but this may not work in species with larger seed 143 nitrogen stores. Labeling with 15 N-enriched inorganic salts in growth media is therefore the 144 method of choice for metabolic stable isotope labeling in plants (Matthes et al., 2014) . In 145 contrast to SILAC, the mass shifts introduced by 15 N labeling increase with the number on N 146 atoms in the peptide. In addition, the isotopic purity of 15 N salts is typically only 98%. 15 Two publications determined changes in protein turnover rates in protease-deficient mutants 156 by dynamic metabolic labeling. In the first, A. thaliana INTERMEDIATE CLEAVING 157 PEPTIDASE55 (ICP55) was shown to remove a single N-terminal amino acid from selected 158 mitochondrial proteins after import, a processing step that resulted in altered mitochondrial 159 protein degradation rates in vitro and in vivo (Huang et al., 2015) . The second study 160 measured protein turnover in A. thaliana wt and mutants lacking the mitochondrial LON1 161 protease (Li et al., 2017a) . Both lines were grown hydroponically and switched to 15 N-162 containing media after 4d to mark newly synthesized proteins with a heavy isotope label, (COFRADIC, (Gevaert et al., 2003) , and its derivative Charged-based FRActional DIagonal 186
Chromatography (ChaFRADIC, (Venne et al., 2013) (Figure 1, Table S1 ). All three enrich 187 N-terminal peptides by negative selection. First, primary amines at protein N termini and Lys 188 side chains are modified on intact proteins, allowing simultaneous labeling with stable 189 isotope reagents (Figure 1) . Subsequent enzymatic proteome digest generates new N-190 terminal primary amines on internal and C-terminal peptides that are used to deplete these 191 undesired peptides either by polymer capture in the TAILS workflow or sequential 192 chromatography with intermittent chemical primary amine derivatization in the FRADIC 193 methods (Figure 1) . Dedicated step-by-step protocols for plant terminome profiling are 194 available for TAILS (Demir et al., 2017) and COFRADIC (Tsiatsiani et al., 2014). 195 196 N-terminome analyses have been used to study proteolytic processing after protein import 197 into plastids of A. thaliana (Kohler et al., 2015b; Rowland et al., 2015) , the diatom 198
Thalassiosira pseudonana (Huesgen et al., 2013) ChaFRADIC analysis of mitochondrial protein N termini in A. thaliana loss-of-function 205 mutants of ICP55 and OCTAPEPTIDYL AMINOPEPTIDASE1 (OCT1) to wt identified 206 differential processing by a single amino acid in 88 putative ICP55 substrates, and differential 207 octapeptide processing in 7 putative OCT1 substrates (Carrie et al., 2015) . In agreement with 208 their yeast homologues (Poveda-Huertes et al., 2017) , ICP55 and OCT1 removed 209 destabilizing protein N-terminal residues after mitochondrial signal peptide cleavage in 210 distinct subsets of mitochondrial proteins. This is consistent with altered turnover rates 211 observed in ICP55-deficient plants (Huang et al., 2015) . 212
213
In a landmark study, COFRADIC was used to identify A. thaliana METACASPASE9 (MC9) 214
substrates (Tsiatsiani et al., 2013) . MC9-deficient seedlings where compared to wt and plants 215 overexpressing MC9 in the mutant background, as were isolated MC9-deficient proteomes 216 treated with active or catalytically inactive recombinant MC9. N termini accumulating in the 217 presence of MC9 activity were filtered using the known strict sequence preference for Arg or 218 Lys, which classified 551 cleavage sites in 392 proteins as likely MC9-generated. Of these, 219 99 cleavage sites in 74 proteins were either identified only in vivo or matched to proteins 220 identified in at least two of the N terminome screens. Cleavage assays with synthetic peptides 221 and in vitro transcribed and translated radiolabeled proteins validated a number of these as 222 substrates, including PHOSPHOENOLPYRUVATE CARBOXYKINASE 1 (PEPCK1), 223 which co-localized with MC9 in vivo. Further analysis demonstrated that MC9 contributes to 224 control of gluconeogenesis by activating PEPCK1 in vivo. 225
226
In a similar approach, COFRADIC and 2D-DIGE quantitative proteomics were used to 227 investigate the function of the three Deg/HtrA proteases HhoA, HhoB and HtrA in 228
Synechocystis sp. PCC 6803 under normal growth conditions (Tam et al., 2015) . 229
Comparisons of strains lacking individual proteases to wt were combined with analyses of 230 mutant proteomes exposed to the corresponding recombinant enzyme in vitro, identifying 231 both common and distinct substrates that affected major metabolic pathways. 232
233
VI. Substrate or not substrate, that is the question 234
Modulation of protease activity in planta affects, abundance and activity and expression of 235 many proteins, frequently including other proteolytic enzymes and/or inhibitors as shown by 236 the studies discussed above. Plant proteases, just as their mammalian homologues, thus do 237 not operate in isolation, but in a complex network, termed the "protease web" (Fortelny et al., 238 2014) . Consequently, changes observed in vivo using quantitative proteome and terminome 239 analyses often represent indirect effects. In contrast, proteins cleaved by recombinant 240 proteases in vitro may not represent physiological substrates due to different expression 241 patterns, modifications, subcellular localizations and reaction conditions in vivo. 242 243 Therefore, any protein affected in abundance and/or processing state in proteomics studies 244 should only be considered as candidate substrate for the protease of interest that must be 245 further validated as physiologically relevant substrates (Figure 2) . Suitable experimental 246 approaches are highly dependent on the target, but include confirmation of co-expression and 247 co-localization in vivo (Tsiatsiani et al., 2013; Bhuiyan et al., 2016) , tests for direct 248 interaction in vivo and in vitro (Nishimura et al., 2015; Bhuiyan et al., 2016) , evaluation 249 whether complementation lines shows the expected opposite effect (Tsiatsiani et al., 2013; 250 Zimmermann et al., 2016) and evaluation whether the protease is active under physiological 251 conditions. Activity based protein profiling (ABPP) with class-specific chemical probes can 252 monitor protease activity in vivo and in vitro and, as a chemical proteomics method (Table  253 S1), reveal the proteases that participate in the active protease web of a given tissue or 254 proteome (Morimoto & van der Hoorn, 2016) . 255 256 Protease sequence specificity is a useful filter to select likely direct candidate substrates 257 (Tsiatsiani et al., 2013) or predict physiologically relevant processing sites (Schardon et al., 258 2016) . If the sequence specificity is not known, Proteomic Identification of protease Cleavage 259 Sites (PICS) can quickly provide experimental information for both sides of the cleaved 260 peptide bond simultaneously (Schilling & Overall, 2008) . In a PICS experiment, peptide 261 libraries are generated by proteome digests with specific proteases such as trypsin or GluC 262 (Figure 2) . These proteome-derived peptide libraries are incubated with the recombinant 263 protease of interest and cleaved peptides identified after enrichment (Schilling & Overall, 264 2008) or using differential stable isotope labeling (Biniossek et al., 2016) . The full cleavage 265 sites are inferred by matching the identified cleavage product to the proteome sequence 266 databases. Alignment of the dozens to hundreds of cleavage sites identified in a typical PICS 267 experiment produced a detailed sequence specificity profile that can distinguish related 268 enzymes (Marino et al., 2014) . (Fortelny et al., 2015) . The integrated TOPFINDer tool 279 further allows identification of proteolytic pathways that link observed termini to a protease 280 of interests, but a lack of deposited data currently limits such network predictions to the best 281 studied proteases in mouse and man. Determination of protease function is particularly 282 difficult if redundant enzymes are able to cut the same substrate at the same site. An elegant 283 experimental solution of this problem was very recently presented by tissue-specific 284 expression of a family-selective protease inhibitor (Schardon et al., 2016) . 285 286 VII.
Concluding remarks 287
We have reviewed current mass spectrometry-based proteomics methods enabling proteome-288 wide i) quantification of changes in steady-state abundance, ii) measurement of turnover 289 rates, iii) identification of protein termini and thus in vivo protease cleavage sites, iv) 290 identification of candidate protease substrates and their cleavage sites in vitro and v) rapid 291 profiling of recombinant protease specificity. These provide fascinating insights into plant 292 protease function, but unambiguous identification of the physiological substrates of a 293 protease of interest remains challenging. Complementary in vitro and in vivo approaches, 294 rational stratification of candidate substrates and thorough hypothesis testing are 295 indispensable to discriminate direct substrates from indirect effects. Computational tools 296 assist in this task and are expected to improve as data on more plant proteases becomes 297 available. Major challenges are now to determine the consequences of identified substrate 298 cleavages and to improve our currently still highly fragmented map of the protease and 299 protease-inhibitor interactions that form the plant protease web. 300 301
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